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Antimonide  cobalt  thin  films  were  deposited  on  BI<7  glass  substrates  at  various  substrate  temperatures 
by  ion  beam  sputtering  deposition  with  a  fan-shape  target.  The  influence  of  deposition  temperature  on 
the  microstructure  and  thermoelectric  properties  of  antimonide  cobalt  thin  films  were  systematically 
investigated.  It  is  found  that  the  Seebeck  coefficient  of  the  thin  film  increases  at  first  and  then  decreases 
with  the  increasing  deposition  temperature.  The  Seebeck  coefficient  of  the  sample  deposited  at  250  °C 
has  maximum  value  and  increases  stably  when  the  measuring  temperature  increased  from  room- 
temperature  to  600  K.  The  electrical  conductivity  of  the  thin  film  increases  significantly  to  5.6  x  104 
S  cm-1  when  the  deposition  temperature  was  450  °C  and  then  decreases  greatly  when  the  temperature 
increased  to  500  °C  and  550  °C.  The  behavior  of  electrical  conductivity  of  the  sample  deposited  at  250  °C 
changes  from  metallic  to  semiconducting  after  the  measuring  temperature  exceeded  540  K.  The  power 
factor  of  antimonide  cobalt  thin  film  deposited  at  250  °C  has  a  maximum  value  of  0.93  x  10-4  W  m-1  K-2 
at  room-temperature  and  then  increases  to  3.5  x  10'4Wm_1  K-2  when  the  measuring  temperature  was 
540  K. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Thermoelectric  generator  are  great  interest  because  of  their 
widely  applications  in  energy  resources,  semiconductor  cooling 
and  temperature  sensors  [1,2].  But  they  are  relegated  to  niche 
applications  due  to  the  poor  energy  conversion  efficiency  of 
thermoelectric  materials  [3,4].  The  energy  conversion  efficiency 
of  thermoelectric  material  is  determined  by  the  dimensionless  fig¬ 
ure  of  merit  (ZT)  which  is  defined  as  S2T(jIk ,  where  S  is  the  Seebeck 
coefficient,  T  is  the  absolute  temperature,  a  is  the  electrical  con¬ 
ductivity  and  k  is  the  thermal  conductivity  [5].  Researching  new 
techniques  for  preparing  high  ZT  value  thermoelectric  materials 
is  extremely  urgent.  Antimonide  cobalt  based  materials,  such  as 
CoSb3  skutterudite,  exhibit  good  value  of  Seebeck  coefficient  and 
electrical  conductivity,  hence  are  promising  high  ZT  values  [6,7]. 
For  instance,  Shi  et  al.  [8]  have  report  that  the  CoSb3  filled 
Ba0.08La0.05Yb0.04  has  highest  ZT  of  1.7  at  850  K.  However,  its 
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thermoelectric  properties  are  still  inadequate  for  practical  use 
and  further  improvement  in  thermoelectric  properties  is  vital  for 
its  large  scale  application.  In  particular,  thin  film  technique  is  one 
of  method  to  improve  the  thermoelectric  properties  of  thermoelec¬ 
tric  materials  [9-11].  A  high  room-temperature  figure  of  merit  of 
ZT  =  2.4  has  been  reported  for  P-type  Bi2Te3/Sb2Te3  superlattices 
[12  .  Recently,  A  few  studies  on  the  synthesis  of  antimonide  cobalt 
based  thin  films  have  also  been  reported  [13-16],  such  as  Savchuk 
et  al.  [17]  synthesized  CoSb3  thin  films  by  magnetron  DC-sputtering 
and  investigated  that  the  thin  films  have  ZT>  1.  However,  it  is  still 
ignored  comparing  to  the  high  thermoelectric  properties  bulk 
materials  [18]. 

Ion  beam  sputtering  deposition  (IBSD)  is  a  very  attractive  tech¬ 
nique  since  it  combines  a  high  deposition  rate  with  great  versatil¬ 
ity  in  depositing  thin  films  19].  In  addition,  preparing  antimonide 
cobalt  thin  films  by  ion  beam  sputtering  deposition  is  rarely 
reported.  Therefore,  in  this  work,  antimonide  cobalt  thin  films 
deposited  by  IBSD  were  studied.  Instead  of  using  alloy  targets,  a 
fan-shaped  target  was  made  of  the  Co  target  and  Sb  target 
combination.  The  influence  of  the  deposition  temperature  on  the 
microstructure,  surface  morphology  and  thermoelectric  properties 
of  the  thin  films  were  systematically  investigated. 
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2.  Experimental 

Ion  beam  sputtering  deposition  was  used  to  deposit  antimonide  cobalt 
thermoelectric  thin  films  on  BK7  glass  substrates.  A  fan-shaped  target  was  made 
of  high  purity  Sb  (99.99%)  and  Co  (99.99%)  plates.  The  substrates  were  ultrasoni- 
cally  cleaned  in  acetone,  alcohol  and  deionized  water  for  10  min,  respectively. 
The  chamber  was  pumped  to  a  base  pressure  of  8.0  x  10-4  Pa  and  the  working  pres¬ 
sure  was  kept  at  6.0  x  10-2  Pa  with  Ar  of  9  seem  as  the  working  gas.  Prior  to  depo¬ 
sition,  a  1 5  min  pre-sputtering  process  was  performed  to  remove  native  oxides  and 
contaminants  on  the  surfaces  of  the  Sb/Co  target.  The  sputtering  energy  was  kept  at 
1.0  KeV  with  the  beam  current  of  10  mA  and  the  deposition  time  was  fixed  at 
30  min.  In  order  to  obtain  high  quality  thin  films,  the  substrate  temperature  had 
been  added  to  200  °C,  250  °C,  300  °C,  350  °C,  400  °C,  450  °C  and  500  °C.  The  samples 
were  denoted  as  SI,  S2,  S3,  S4,  S5,  S6  and  S7,  respectively. 

The  structure  of  the  prepared  antimonide  cobalt  thin  films  was  studied  by 
X-Ray  diffraction  (XRD)  technique  with  the  conventional  0-29  mode  (D/max2500 
Rigaku  Corporation).  The  surface  morphology  and  composition  ratio  of  the  antimo¬ 
nide  cobalt  thin  films  was  obtained  by  scanning  electron  microscopy  (Hitachi  Cor¬ 
poration)  with  an  energy  dispersive  X-ray  spectroscopy  (EDS).  The  carrier 
concentration  and  mobility  were  measured  by  Van  der  Pauw  Hall  measurements 
at  room-temperature  (ET9000).  The  thermoelectric  properties  of  the  antimonide 
cobalt  thin  films  were  measured  by  the  four-probe  technique  and  Seebeck  coeffi¬ 
cient  measurement  system  (SDFP-I)  with  the  temperature  gradient  method 
(A K  =  20  K).  The  thickness  of  the  antimonide  cobalt  thin  films  was  obtained  by 
using  a  DEKTAK  ST  surface-profile  measurement  system. 


3.  Results  and  discussion 

Table  1  shows  the  element  content  and  the  thickness  as  a  func¬ 
tion  of  deposition  temperature.  It  can  be  seen  that  the  thickness  of 
the  thin  film  decreases  with  the  increasing  deposition  tempera¬ 
ture.  The  composition  of  Co  is  less  at  low  temperature  and  high 
temperature.  But  it  closes  in  the  middle  temperature.  XRD  patterns 
of  antimonide  cobalt  thin  films  are  shown  in  Fig.  1.  It  is  found  that 
sample  SI  and  S2  mainly  exhibit  the  Sb  phase  due  to  the  highest 
dominated  peak  is  from  the  diffraction  of  the  Sb  (012)  plane.  Some 
peaks  locate  at  ~31°,  ~42°  and  52°  is  related  to  the  CoSb3  phase 
which  indicates  that  the  CoSb3  is  the  secondary  phase  of  the  thin 
films.  Besides  this,  few  extra  diffraction  peaks  are  confirmed  as 
CoSb2  phase.  But  the  intensity  of  those  peaks  is  very  weaker  than 
others.  When  the  substrate  temperature  increased  to  300  °C,  the 
peaks  of  S3-S6  relate  to  Sb  (012)  phase  is  disappeared  and  the 
intensity  of  the  diffraction  peaks  locate  at  ~32°  and  ~34°  rapidly 
increase.  They  are  corresponding  to  the  CoSb2  phase  and  become 
to  the  mainly  diffraction  peaks  of  the  thin  films.  Though  some  dif¬ 
fraction  peaks  relate  to  Sb  and  CoSb3  phase  are  still  observed,  their 
intensity  is  much  smaller  than  those  peaks.  This  indicates  that 
CoSb2  is  the  dominant  phase  of  the  thin  films  deposited  at  300- 
450  °C.  However,  the  Sb  phase  appears  to  be  the  dominated  phase 
and  the  CoSb3  become  the  secondary  phase  again  since  the  thin 
film  was  prepared  at  the  substrate  temperature  of  500  °C.  From 
the  XRD  results,  it  can  be  concluded  that  antimonide  cobalt  thin 
films  with  Sb  and  CoSb3  mixed  phase  are  obtained  when  the  thin 
films  deposited  at  low  temperate.  Then,  they  are  translated  to  be 
CoSb2  phase  which  can  be  consider  as  the  single  phase  of  the  thin 
films  when  the  temperature  increased  above  300  °C.  Finally,  the 
structure  of  the  thin  film  resumes  to  Sb  and  CoSb3  mixed  phase 
at  500  °C  which  is  similar  to  the  thin  films  deposited  at  low 
temperature. 

The  effect  of  deposition  temperature  on  the  surface  topography 
of  the  antimonide  cobalt  thin  films  was  examined  by  the  SEM 


Table  1 

The  composition  and  thin  film  thickness  as  a  function  of  deposition  temperature. 


Deposition  temperature 

(°C) 

200 

250 

300 

350 

400 

450 

500 

Co  (%) 

20.3 

21.5 

24.3 

23.0 

23.7 

22.8 

18.1 

Sb  (%) 

79.7 

78.5 

75.7 

77.0 

76.3 

77.2 

81.9 

Thickness  (nm) 

498 

501 

499 

387 

354 

353 

284 

Fig.  1.  XRD  patterns  of  antimonide  cobalt  thin  films. 


plain-view  and  the  corresponding  photographs  are  shown  in 
Fig.  2.  The  grains  of  SI  and  S2  are  irregular  due  to  the  contribution 
of  CoSb3  secondary  phase.  As  the  deposition  temperature 
increased,  the  grains  of  S3  and  S4  become  uniform  and  the  grains 
size  decreases  dramatically.  Based  on  the  XRD  analysis,  the  grain 
size  decrease  can  be  speculated  as  the  thin  films  gradually  convert 
from  mixed  Sb  and  CoSb3  phase  to  single  CoSb2  phases  when  the 
deposition  temperature  increased.  Then,  it  can  be  seen  that  the 
grain  size  of  S5,  S6  and  S7  tends  to  increase  and  transform  to  be 
mixed  Sb  and  CoSb3  phase  again.  The  small  size  particle  observed 
from  S7  is  suggested  to  be  the  separate  of  metallic  Sb  at  much 
higher  temperature. 

Fig.  3  shows  the  carrier  concentration  and  Hall  mobility  of  the 
thin  films  as  a  function  of  substrate  temperature.  With  the 
increased  in  deposition  temperature,  the  carrier  concentration 
increases  and  it  has  a  highest  value  of  5.0  x  1019  cm-3  at  the  sub¬ 
strate  temperature  of  400  °C  which  will  lead  to  higher  electric  con¬ 
ductivity.  And  then  it  decreases  when  the  substrate  temperature 
continued  increasing  to  400  °C.  Though  the  carrier  concentration 
of  our  thin  films  is  less  than  that  of  the  bulk  [20],  the  carrier  con¬ 
centration  of  all  the  samples  is  in  the  range  of  1018-1019  cm-3,  this 
is  the  suitable  carrier  concentration  range  to  achieve  acceptable 
thermoelectric  properties  [21,22].  The  Hall  mobility  of  the  sample 
deposited  at  250  °C  has  the  highest  value  and  it  is  close  to  that  of 
bulk.  The  Hall  mobility  of  other  samples  is  several  times  smaller 
than  that  of  sample  S2  (at  250  °C).  Though  sample  S2  has  a  low  car¬ 
rier  concentration,  it  has  a  large  enough  Hall  mobility,  which  still 
results  in  acceptable  electrical  properties.  In  addition,  higher 
mobility  will  always  lead  to  a  higher  thermoelectric  property 
[23].  Through  XRD  and  surface  topography  analysis,  it  can  be  found 
that  the  sample  has  highest  carrier  concentration  may  due  to  the 
improvement  of  the  crystal  with  a  dominant  phase  of  CoSb2  phase 
and  regular  grain  which  will  always  with  less  defects.  Sample  S2 
has  higher  Hall  mobility  and  is  evidently  due  to  the  decrease  of 
gain  boundaries  with  bigger  grain  size.  In  addition,  CoSb3  which 
has  a  special  skutterudite  structure  is  the  secondary  phase  of  the 
sample.  The  voids  of  CoSb3  crystal  can  be  filled  with  Sb  ions  that 
can  decrease  the  carrier  scattering  and  be  effective  to  adjust  higher 
mobility. 

The  Seebeck  coefficient,  electric  conductivity  and  power  factor 
( PF  =  S2g )  of  all  the  antimonide  cobalt  thin  films  measured  at 
room-temperature  are  shown  in  Fig.  4.  As  can  be  seen  from  the  fig¬ 
ure,  the  positive  S  indicates  that  all  the  thin  films  are  p-type  semi¬ 
conductor  thermoelectric  materials.  The  Seebeck  coefficient  of 
sample  deposited  at  250  °C  has  the  highest  value  of  52  pV  K_1  than 
that  of  others.  It  can  be  explained  as  that  sample  S2  with  CoSb3 
crystal  filling  Sb  ions  has  bigger  effective  carrier  mass  that  can 
get  bigger  Seebeck  coefficient.  Then  the  Seebeck  coefficient 
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Fig.  2.  The  SEM  plain-view  of  antimonide  cobalt  thin  films.  (SI)  200  °C,  (S2)  250  °C,  (S3)  300  °C,  (S4)  350  °C,  (S5)  400  °C,  (S6)  450  °C  and  (S7)  500  °C. 


decreases  with  the  increased  substrate  temperature.  It  is  due  to  the 
higher  carrier  density  can  cause  a  reduction  in  Seebeck  coefficient 
[24].  With  the  increase  of  substrate  temperature,  the  room- 
temperature  electric  conductivity  of  SI -S3  decreases  when  the 
phase  transforms  from  mixed  Sb  and  CoSb3  phase  to  single  CoSb2 
phase.  When  the  substrate  temperature  was  beyond  a  certain 
value,  the  electric  conductivity  enhanced.  The  electric  conductivity 
of  S5  (at  450  °C)  has  highest  value  of  5.6  x  104  S  cm-1  due  to  its 
very  high  carrier  concentration.  The  Power  Factor  which  represents 
the  electrical  contribution  to  the  overall  thermoelectric  perfor¬ 
mance  is  shown  in  Fig.  4.  The  room-temperature  PF  is  at  the  range 
of  0.1 2  x  10_4-0.93  x  10-4  W  m-1  K  2  of  our  thin  films.  Sample  S2 


has  the  maximum  PF  with  the  highest  Seebeck  coefficient  and  a 
moderate  electrical  conductivity.  It  is  several  times  than  that  of 
others,  indicating  that  the  thin  film  with  mixed  Sb  and  CoSb3  phase 
has  better  thermoelectric  properties  than  that  of  the  thin  films  has 
single  CoSb2  phase. 

It  is  reported  that  the  antimonide  cobalt  material  had  better 
thermoelectric  properties  when  the  working  temperature  is  above 
room-temperature  [25].  So  the  temperature  dependence  on  the 
Seebeck  coefficient,  electric  conductivity  and  power  factor  of  sam¬ 
ple  S2  is  shown  in  Fig.  5.  It  can  be  observed  that  the  electric  con¬ 
ductivity  of  the  thin  film  increases  with  the  increased  measuring 
temperature,  indicating  that  the  behavior  of  o  is  basically 
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Fig.  3.  Carrier  concentration  and  Hall  mobility  of  the  antimonide  cobalt  thin  films 
obtained  as  a  function  of  substrate  temperature. 
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Generally,  the  Seebeck  coefficient  is  inversely  proportional  to  the 
carrier  density.  It  can  be  consider  as  the  reduction  carrier  density 
cause  the  enhancing  Seebeck  coefficient.  The  maximum  PF  of  the 
thin  film  is  3.5  x  10"4  W  m_1 1<-2  at  540  K.  Although  this  value  is 
not  as  large  as  the  reported  value  of  antimonide  cobalt  bulk  mate¬ 
rials  [14,17],  the  thermoelectric  properties  could  increase  because 
the  thermal  conductivity,  k ,  of  antimonide  cobalt  thin  films  can  be 
much  lower  than  that  of  antimonide  cobalt  bulk  materials  [26,27]. 


4.  Conclusions 

Antimonide  cobalt  thin  films  were  deposited  by  IBSD  and  the 
influence  of  deposition  temperature  on  the  properties  is  investi¬ 
gated.  The  prepared  antimonide  cobalt  thin  films  show  the  mixed 
Sb  and  CoSb3  phase  at  low  deposited  temperature  and  then  trans¬ 
form  to  the  dominant  CoSb2  phase  when  the  deposition  tempera¬ 
ture  were  in  the  range  from  room-temperature  to  500  °C.  The 
grain  sizes  of  antimonide  cobalt  thin  films  at  first  decrease  and 
then  increase  with  increasing  deposition  temperature.  A  highest 
electrical  conductivity  as  large  as  5.6xl04Scm_1  at  room 
temperature  is  obtained  when  the  thin  film  deposited  at  450  °C, 
which  has  largest  carrier  concentration.  But  the  Seebeck  coefficient 
of  this  sample  is  very  small.  The  PF  of  the  thin  film  deposited  at 
250  °C  has  a  highest  value  with  a  large  Seebeck  coefficient  of 
52  jiV/K  and  a  moderate  value  of  electrical  conductivity.  It  is  sev¬ 
eral  times  than  that  of  others,  indicating  that  the  thin  film  with 
mixed  Sb  and  CoSb3  phase  has  better  thermoelectric  properties 
than  that  of  the  thin  films  have  CoSb2  phase.  Also,  it  increases 
when  the  measuring  temperature  increased  and  reaches  to 
3.5  x  10-4  W  m-1  K“2  at  540  K. 
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Fig.  4.  Plot  of  Seebeck  coefficient,  electrical  conductivity  and  power  factors  as  a 
function  of  substrate  temperature. 


Fig.  5.  The  temperature  dependence  of  Seebeck  coefficient,  electrical  conductivity 
and  power  factors  of  sample  S2. 


metal-like  due  to  the  richness  of  Sb.  However,  when  the  measuring 
temperature  is  above  540  K,  the  a  decreases  strongly  and  reaches 
to  a  small  value,  indicating  that  the  behavior  of  o  changed  from 
metallic  to  semiconducting.  This  effect  might  caused  by  the  forma¬ 
tion  of  CoSb2  and  the  reduced  of  Sb  after  the  temperature 
increased.  In  addition,  the  mobility  will  also  reduce  attribute  to 
the  depression  in  carrier  transport  due  to  the  scattering  by 
impurity  surface  oxidation  and  cause  the  reducing  of  electric  con¬ 
ductivity.  It  is  shown  that  the  value  of  Seebeck  coefficient  enhances 
to  70  pV/K  at  the  temperature  of  500  K  and  then  it  slightly 
increases  when  the  measuring  temperature  continued  increasing. 
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